We use epsilon-near-zero modes in semiconductor nanolayers to design a system whose spectral properties are controlled by their interaction with multi-dipole resonances. This design flexibility renders our platform attractive for efficient nonlinear composite materials.
Introduction
Proper design of devices with nanoscale dimensions is promising for many applications, including artificial magnetism [1] , cloaking [2] , directional perfect absorption [3] , analog computing [4] , and ultrafast thermal emission [5] . In this paper, we aim to tailor light-matter interactions by using fundamental excitations in condensed matter such as plasmons and phonons. In particular, we use epsilon-near-zero (ENZ) modes in condensed matter. These ENZ modes are supported in thin films of deep-subwavelength thickness at the frequency where the film's dielectric permittivity vanishes [6] . We thus propose the design of complex spectral shaping by creating ENZ modes in semiconductor nanolayers and controlling their interaction with multi-dipole resonances, here represented by metamaterials, phonons, and intersubband transitions in quantum wells. Such systems are in the strong coupling regime and give rise to double and triple polariton branches in transmission and reflection spectra. Previous work has shown the realization of double polariton branches by coupling metamaterials to intersubband transitions in quantum wells [7] [8] [9] , to ENZ modes [10, 11] , and to optical phonons [12, 13] . However, in a more general scenario as detailed in this paper, metamaterial structures interacting with semiconductor heterostructures supporting phonons, plasmons, and electronic transitions offer a platform for tunable spectral behavior that renders itself attractive for applications such as innovative efficient nonlinear elements [14, 15] . We aim to show the advantages of using ENZ modes for complex spectral behavior and their use to enhance second harmonic generation processes.
Epsilon-near-zero modes interacting with multi-dipole resonances
We analyze here the platform schematically represented by the block diagram in Fig. 1 . It describes a system where ENZ modes interact with multi-dipole resonances such as intersubband transitions in quantum wells and metamaterial resonators. A possible implementation of the system in Fig. 1 at mid-infrared frequencies is shown in Fig. 2(a) , where the first dipole resonance is obtained thanks to metamaterial resonators, the ENZ modes are created in a doped semiconductor layer, and the second dipole resonance is created by intersubband transitions in quantum wells. This is a fully engineerable implementation, which can be customized at the design stage by controlling the relative positions of the layers and of their resonance frequencies to determine the spectral response of the strongly coupled system.
We consider two cases to show the potential of the platform in Fig. 2(a) : (1) the case where the ENZ mode frequency (~600 cm -1 ) is detuned from the intersubband transition resonance frequency (~800 cm -1 ); and (2) the case where the ENZ mode frequency is overlapped to the intersubband transition resonance frequency (~800 cm -1 ). Fig. 2(a) as a function of the bare cavity resonance, controlled by scaling the metamaterial geometry. To generate this map, we simulated a set of metamaterials for which all the spatial dimensions of the metamaterial of dogbone resonators are scaled by a common scaling factor that varied between 0.7 and 1.5. The obtained transmittance spectra were then plotted versus the scaling factor in Figs. 2(b) and 2(c) . We observe clearly that the transmittance spectra exhibit three polariton branches for case (1) and only two polariton branches for case (2) , further showing the flexibility of the platform proposed in this paper. Experimental results will also be shown during the presentation. Applicability of this platform to achieve enhanced second harmonic generation from intersubband transitions in quantum wells [14, 15] will also be discussed. This is important for the development of highly efficient, ultrathin, nonlinear optical metasurfaces. 
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